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Objectives: The aim of this study was to evaluate the Knoop microhardness (KHN) and
chemical composition of high-viscous glass-ionomer cement (HVGIC) after 10 years of
clinical service.
Methods: Six HVGIC samples were cut from 10-year ART restorations. The sections were
embedded in acrylic moulds with their longitudinal profile exposed. KHN was determined
by performing three sequences of five indentations at 10, 30, 50, 70 and 90 mm of HVGIC outer
surface. For the control group (n = 6), HVGIC specimens were stored in distilled water for 24
months. Hardness measurements were taken at days 7, 30, 60, 120, 180, 360, and 720. For
chemical analysis using SEM-EDX, 10-year and control specimens were dehydrated and
coated with carbon. Data were analysed using T-test and ANOVA/Tukey’s test ( p < 0.05).
Results: A significant KHN increase was observed in the control group up to the 180-day
period. From this point the values stabilized and no more significant differences were found
between the 10-year and the control KHN values. No statistical differences were observed
amongst the KHN from inner distances compared to the outer surface of the 10-year HVGIC
specimens. In one 10-year specimen, SEM-images identified the transformation of HVGIC in
an altered layer with no glass filler particles detectable, and raised Ca, K and P contents.
Conclusions: KHN values of ten-year HVGIC specimens were similar to the control group
values at 180-day storage period. Except for one 10-year specimen in that an altered layer
could be seen, chemical composition was similar amongst the depths evaluated.
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High viscosity glass-ionomer cement (HVGIC) is the material
of choice for atraumatic restorative treatment (ART) due to
properties such as biocompatibility, chemical adhesion to
tooth structures, and fluoride release and uptake.1 The
effectiveness of HVGIC as sealants2,3 and single-surface ART
restorations is already well supported.4–7 However, for multi-
surface ART restorations, the survival rates are less satisfac-
tory, and a variable performance has been reported.8–11
Therefore, it is essential to investigate the mechanical
properties of HVGICs indicated for ART12 for a better
understanding of the clinical behaviour of such material.
Surface hardness is regarded as an important property to
predict the clinical performance of a restorative material, and
to assess the interaction between the material and the
medium in which it is found.13 Hardness refers to the plastic
deformation of a solid material when a force is applied. In
dentistry it is commonly used as a parameter for restorations
under occlusal stress, and relates to functional parameters
such as resistance and wear. Additionally, a strong explana-
tory power between HVGIC Knoop hardness and compressive
and flexural strength has been reported.12
HVGIC may show a variable performance under different
storage conditions.14 Although water is the most employed
storage medium, current studies attempt to simulate oral
conditions (pH-cycling; demineralization and remineraliza-
tion solutions) on GICs.15–18
However, in vitro studies do not effectively reflect what
actually occurs in the oral environment, and in situ studies
often have short-term results.19 Van Duinen et al.20 reported
that under oral conditions, glass-ionomer gradually changes
into a harder and smoother enamel-like structure with
increased calcium and phosphate content. However, in vivo
long-term hardness data have not yet been reported in the
scientific literature.
The aim of this study, therefore, was to evaluate the effect
of the oral environment (long-term in clinical service) on the
surface microhardness and chemical composition of HVGIC.
2. Materials and methods
2.1. 10-Year specimens
The study protocol was approved by the Bauru School of
Dentistry Institutional Review Board (# 000115/2008). Informed
consent was granted.
In a randomized clinical trial conducted ten years ago,21,22
274 single- and multiple-surface HVGIC posterior restorations
were performed as part of the restorative strategy of a
prenatal-oral-health-care programme directed at 43 high-
caries active pregnant patients (decayed teeth = 9.8  5.5). The
cavities were restored with hand-mixed HVGIC Fuji IX (GC
Dental Co., Tokyo, Japan) according to the ART approach and
manufacturer’s recommended powder/liquid ratio.23 After 10
years, 129 posterior restorations could be evaluated11 showing
a success rate of 58.1%. Twenty-eight restorations (21.7%) had
been replaced by another restorative material, and 26restorations (20.2%) were recorded as clinical failures. Consid-
ering the failed restorations, six HVGIC samples (biopsies)
were cut from them before replacement, and prepared for
hardness test and chemical analysis, thus providing HVGIC
specimens that were under the oral conditions of six different
individuals.
The related teeth were isolated under a rubber dam. The
specimens were cut in bulk near the interface by using a
diamond bur (# 3195 – KG Sorensen, Sa˜o Paulo, SP, Brazil) with
water coolant. Three of the six specimens showed enamel
presence. The fragments were maintained in position with
clinical tweezers until their dislodgment, and positioned in a
wax matrix with identification of the surface exposed to the
oral environment. Then, the sections were embedded in an
acrylic resin according to the demarcated position with the
profile (inner to outer material surface) exposed.
The cut surfaces were ground flat with water-cooled-
silicon-carbide papers (320-, 600-, and 1200-grade paper;
Buehler, Lake Bluff, IL, USA), and polished with felt paper,
wet with diamond spray (1 mm; Buehler, Lake Bluff, IL, USA), in
order to obtain a flat surface necessary for the hardness
measurement. Prior to the test, the specimens were sonically
cleaned for 5 min.
The hardness was measured by using a Knoop diamond
(KHN), under a load of 25 g, applied for 10 s (HMV-2 micro-
hardness tester; Shimadzu Corporation, Tokyo, Japan). Three
sequences of five indentations were performed. The first
sequence of indentations was made in the central region of the
specimen, and the other two at a 100-mm-distance to both
sides of the central row of indentations. The indentations were
made at 10, 30, 50, 70, and 90 mm from the outer surface,
totalizing 90 indentations (15 in each specimen).
For chemical analysis, the 10-year specimens were dehy-
drated in a graded series of ethanol (25%, 50%, 75%, 90%,
99.8%), dried in hexamethyldisilazane (HMDS) for 15 min, and
vacuum-desiccated for 24 h. The specimens were mounted on
aluminium stubs, and sputter-coated with carbon. The coated
specimens were analysed with a Scanning Electron Micro-
scope/energy dispersive X-ray analysis (SEM/EDX) – (a LEO
stereo 440 scan, with an energy-dispersive X-ray detector with
Ge crystal and INCA software, 20 kV). EDX data were collected
from several cement regions. The measurements were made
either in the cement matrix or in the glass particle. A set of
three lines perpendicular to the outer surface was performed,
with measurements at 10 and 50 mm of distance from the
outer surface of HVGIC, totalizing thus 6 measurements at
fixed distances in each specimen. In the specimen whose
surface was altered (altered layer), 6 additional measurements
were made in different areas of this altered layer (AL).
2.2. Control group
For the control group (n = 6), the same commercial HVGIC (Fuji
IX) was hand-mixed according to the manufacturer’s instruc-
tions using the recommended powder/liquid ratio,23 and
inserted in metal moulds (3 mm thick, and 6-mm in diameter).
The moulds were mounted on top of a glass plate, then
covered with acetate strips, compressed with a 0.5 kg weight,
and allowed to set for 15 min. Subsequently, cement excesses
were removed, the surfaces protected with petroleum jelly,24
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7 days, the HVGIC specimens were embedded in acrylic
moulds, and polished following the same protocol as that
described for in vivo specimens. Hardness was determined by
performing fifteen indentations in each specimen surface,
totalizing 90 indentations. A distance of 20 mm was main-
tained between each one (KHN, 25 g, 10 s). Hardness measure-
ments were taken at 7, 30, 60, 120, 180, 360, and 720 days after
the beginning of the storage. The indentations were not made
in depth.
Six additional HVGIC control specimens were prepared for
chemical analysis after 7 days of water storage. EDX data were
collected from several cement regions (punctual beam). The
measurements were made either in the cement matrix or in
the glass particle, totalizing 6 measurements in each speci-
men. Additionally, the powder of the glass ionomer was
analysed using the X-ray fluorescence method (FRX) (Axios
Advanced Spectrophotometer) with a wave-length detector
and Super-Q software.
2.3. Statistical analysis
Variance equality and normal distribution of the data were
tested for all the variables using the Bartlett and Kolmogorov-
Smirnov tests, respectively (Statistica v. 9.1, StatSoft Inc., Tulsa,
USA). All data showed homoscedasticity and normal distribu-
tion. KHN values were analysed using ANOVA/Tukey’s test
for water storage time (control) and for the distance of the outer
surface in contact with the oral environment (10-year speci-
mens). A difference was regarded as statistically significant ifTable 1 – Mean KHN values and standard deviations (Wsd) of H
oral environment (n = 90 indentations).
7 Days
water
30 Days
water
60 Days
water
120 Days
water
91.7a (2.6) 102.8a (4.0) 117.3b (13.9) 116.4b (8.4) 
The groups accompanied by the same letters do not present significant 
Sig. if p  0.007 – (t-test using the Bonferroni correction).
Table 2 – Mean KHN values and standard deviations (Wsd) dete
from the outer surface of HVGIC in contact with oral environm
Distance from outer surface 
10 mm 30 mm 50 mm 
148.0a (4.9) 151.4a (16.0) 146.0a (9.7) 
Sig. if p  0.05 – (ANOVA/Tukey’s test).
Table 3 – The main SEM-EDX spectrum detected. Mean (weigh
HVGIC and of the altered cement layer.
F Al Si 
Control HVGIC (n = 36) 4.6a (1.9) 17.5a (2.0) 15.6a (2.6
10-year HVGIC (n = 36) 5.1a (2.6) 16.9a (2.0) 15.8a (2.1
(AL) (n = 6) 3.0a (2.7) 11.8b (3.4) 9.2b (4.3
For each chemical component, the groups accompanied by the same let
Sig. if p  0.05 – (ANOVA/Tukey’s test).p-value  0.05. Differences between 10-year  control KHN
values were analysed by the t-test using the Bonferroni
correction. In this analysis, a difference was considered
significant if p-value  0.007. The chemical composition was
expressed in a weight percentage, and analysed by ANOVA/
Tukey’s test (significant if p  0.05).
3. Results
The mean KHN values and standard deviations (SD) are
presented in Table 1.
In the control group, the time of water storage had a
significant impact on HVGIC surface microhardness. Fuji IX
HVGIC showed a significant increase in the KHN values up to
the 180th day and from this time point on, the values showed
no significant variations until the final measurements were
taken at day 720. The 10-year specimens were significantly
harder than the control specimens at 7-, 30-, 60-, and 120-day
measurements. At 180 days, the mean KHN values observed in
the control group were not significantly different from those
obtained for the 10-year specimens. In the 10-year specimens,
no statistical differences were observed amongst the dis-
tances from the outer surface in contact with the oral
environment (Table 2).
The main SEM-EDX spectrum detected is shown in Table 3.
The measurements were made either in the cement matrix or
in the glass particle, and an average value was expressed in
Table 3. According to the manufacturer, Fuji IX contains
stroncium (Sr) glass rather than the conventional calcium (Ca)VGIC after storage in distilled water and after 10 years in
180 Days
water
360 Days
water
720 Days
water
10 Years oral
environment
135.7c (4.6) 128.6c (6.9) 139.3c (5.3) 146.4c (7.2)
differences.
rmined in the 10-year specimens according to the distance
ent (n = 18 indentations).
Mean
70 mm 90 mm
142.8a (5.5) 143.9a (4.4) 146.4a (7.2)
t %) and standard deviations (Wsd), normalized to 100%, of
P K Ca Sr
) 2.7a (0.6) 0.0a 0.1a (0.3) 13.2a (3.8)
) 2.7a (0.9) 1.1b (0.5) 3.7b (2.9) 11.1b (4.4)
) 7.5b (1.1) 2.5c (0.9) 15.9c (6.2) 9.3b (2.3)
ters do not present significant differences.
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control specimens by EDX and FRX methods that showed only
traces of Ca, Tables 3 and 4. The mineral profile observed in the
glass particle of the 10-year specimens is shown in Fig. 1a, with
no presence of Ca. However, the presence of Ca was observed
in the cement matrix of the 10-year specimens, as shown in
Fig. 1b.
In one 10-year sample with enamel presence, SEM-images
identified physical and chemical alterations of the HVGIC
adjacent to the enamel walls. This altered layer (AL) was 5–
15 mm thick (Fig. 2). In this layer, no glass-filler particles were
detectable, and a distinct mineral profile was observed
(Fig. 1c). The altered layer (AL) disclosed raised calcium (Ca),
phosphorus (P), and potassium (K) contents, and a lowerFig. 1 – EDX spectrum of 10-year specimen: (a) glass particle wi
altered layer (AL) with increased Ca and P content.aluminium (Al), silica (Si), and strontium (Sr) percentage in
comparison to the unaltered cement, Table 3.
4. Discussion
It has been demonstrated that glass-ionomer stored in human
saliva has an improved surface hardness as compared to
samples stored in water.14 The reasoning behind this may be
that water storage causes only extraction of components, thus
resulting in a reduction of strength, whilst storage in saliva can
increase the mineral content of glass-ionomer. In the present
study, inferior hardness values were observed in the control
group stored in water up to the 120-day measurement inth no Ca detected; (b) HVGIC matrix with Ca detected; (c)
Table 4 – Mineral composition of the powder of HVGIC
obtained through the FRX method (normalized to 100%).
Component Concentration (%)
SiO2 34.38
Al2O3 27.77
F 16.83
SrO 12.73
P2O5 4.99
Na2O 2.10
TiO2 0.42
BaO 0.39
SO3 0.18
CaO 0.08
Fe2O3 0.06
Cl 0.05
K2O 0.02
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ment, the control group values stabilized, and no more
significant differences were found between the 10-year and
control KHN values. This could be explained by the cement
maturation process, and maybe by the fact that the water
medium was not replaced during the 2 years of the experi-
ment. Thus, homeostasis could have been reached during
cement maturation, impairing therefore a continuing extrac-
tion of HVGIC components.25 Another interesting point to be
investigated is at which moment the KHN values stabilized
in vivo.
In the study by Okada et al.,14 only a 40-day period was
evaluated, and until then, the authors observed that from 7 to
40 days of storage in distilled water, the Fuji IX hardness
values increased in 4%. In the present study, we observed an
increase in KHN of 12% from 7 to 30 days, and of 40% from 7 to
360 days. Ellakuria et al.13 observed an increase in hardness
values of 20% and 46% for Ketac-Molar at 30 and 365-day
periods, respectively. However, it should be highlight that the
type of GIC and the manipulation process might have
influenced the changes in the hardness values overtime.
Therefore, the studies should be compared with caution.
In the 10-year specimens we observed no differences in KHN
values amongst the distances from the outer surface inFig. 2 – SEM/EDX-image – transformation of HVGIC adjacent
to the enamel walls in an altered layer (AL) 5–15 mm thick.contact with the oral environment, showing that the matura-
tion process is homogenous after 10 years. For our knowledge
this is the first study evaluating hardness at different depths of
GIC restorations after 10 years of clinical service.
Regarding the chemical compositions, Okada et al.14 also
investigated the Fuji IX HVGIC surface using X-ray photoelec-
tron spectroscopy (XPS) and electron probe microanalysis
(EPMA). The authors verified the presence of Ca, P, and K in the
surface and subsurface of HVGIC only in the sample stored in
human saliva. It was suggested that Ca and PO4 ions from
saliva may be adsorbed onto the surface of the cement, which
is in accordance with our 10-year data. The glass-ionomer
setting reaction was not completed immediately, and it is
likely that saliva components react with the glass-ionomer
overtime. The authors inferred from their data that Ca, K and P
elements penetrated into the glass-ionomer matrix. However,
the incorporation of Ca and P may not be clinically significant,
since no difference was observed in our study amongst the
KHN values of the evaluated depths. However, in further
studies it would be interesting to investigate the hardness and
chemical composition of the GIC restorations at short-term
intervals until final cement maturation.
It should be pointed out that the preparation of the 10-year
samples with a diamond bur (biopsy) and the correct
positioning of the specimens in the wax matrix were
extremely difficult to achieve. The SEM-EDX analysis was
performed as a preliminary study, and disclosed interesting
data regarding HVGIC alterations in a long-term oral environ-
ment. An altered layer could be observed in only one specimen
of three that had enamel, suggesting that in spite of the
presence of saliva, the transformation is possible only at an
enamel interface. This finding is in accordance with the
observations made by Van Duinen et al.,20 who detected glass-
ionomer alterations at the border with the enamel fissure. The
authors speculated that the glass particles were dissolved, and
a smoother cement surface comparable to natural enamel
could be noticed after long-term exposure to an oral environ-
ment.20
Under high magnification, a zone of interaction between
HVGIC and enamel could be observed along the interface in all
the three samples with enamel presence (Fig. 3). This
observation was similar to that reported by Ngo et al.26 and
probably represents the ion-exchange or absorption layer.26–31
This ion-exchange layer is currently considered a significant
feature in material classification.32 Additional information
observed in the present study is the long-term maintenance of
this layer confirming the findings observed in short-term
studies.26–28,31 However, the altered layer expressed in Fig. 2
show distinct appearance, and is wider (5–15 mm).
Ngo et al.26 suggested that the ion-exchange layer between
glass ionomer and enamel was more resistant to acid etching.
Thus, the altered layer reported in this study could represent
an additional protection against caries and cement erosion.
In the present study, each specimen was donated by a
different voluntary, but the chemical analysis comparing the
components of the specimens with enamel showed a similar
profile, except for a superior fluoride (F) content in the sample
with the altered layer. The analysis of the altered layer
disclosed calcium and phosphate uptake, and loss of silica and
aluminium therein. This finding may represent a further
Fig. 3 – SEM/EDX-image – long-term ion-exchange layer at
enamel interface. Cohesive failure can be observed in both
enamel and HVGIC. The interface resisted to preparation
process.
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Wilson et al.,27 but its clinical significance is not conclusive so
far. Van Duinen et al.20 observed more calcium and phosphate
at the saliva-exposed side than in the deeper areas of a little
material fragment. In the present study regarding the
chemical profile and the KHN values, no difference could be
observed between the saliva-exposed side (subsurface) and
deeper HVGIC areas. For better understand of this process, the
saliva and enamel content of the patients should be further
investigated.
Wang et al.15 observed higher hardness values in HVGIC
stored in acidic solutions (pH 3) with increased phosphate
content. The authors suggested that high calcium and
phosphate rates may have positive effects on the surface
hardness of GICs. In the study of Wang et al.15 the specimens
stored at pH 3 had lower hardness, but this could be overcome
by an increase level of environmental phosphate. A micro-
scopic surface reaction layer was observed in specimens
stored at pH 3. This reaction layer is due to erosion of the
cement and its thickness and composition varied depending
on environmental phosphate levels. At higher phosphate
levels a distinctive outermost layer dense structure rendered
HVGIC less soluble under acidic conditions. The results
suggest that the existence of this dense layer was critical
for increase in the mechanical properties.
Thus, we can speculate that the reaction layer or altered
layer observed in the current study could be seen in the
specimen whose oral environment matched the ionic and pH
ideal conditions.15,16
Studies evaluating long-term surface hardness of HVGIC
are rare,13 and data related to restorations that have been in
clinical service for long periods have not been established in
the literature. The long-term results obtained here could be
regarded as representative, and can be useful in identifying
appropriate mechanical characteristics of HVGICs, mainly in
stress-bearing clinical situations such as multi-surface
restorations.11,33,34
For the conditions tested in this study, it was concluded
that a period of 180-day water storage could simulate thematuration of the setting process of glass-ionomer according
to the hardness measurements. Further studies evaluating
long-term saliva and water storage with cariogenic challenge
and fluoride therapy, and the correspondence of the setting
process of glass-ionomer within the mouth and in vitro should
be performed using different GICs.
5. Conclusions
Within the limitations of this study, KHN of 10-year HVGIC
was similar to the values obtained at 180-day of water storage.
Except for one 10-year specimen in that an altered layer could
be seen, chemical composition was similar amongst the
depths evaluated.
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